Magnetic Field (MF) effects on water and dispersed systems have been studied for more than half of century. However, so far there is no complete understanding of the observed changes in the properties of studied systems if it is solely based on the classical theories of magnetic field action. In Part I of this paper we presented results of MF influence on the evaporation rate of aqueous solutions of anionic surfactant Sodium Dodecyl Sulphate (SDS) and cationic one Dodecyl Trimethylammonium Bromide (DoTAB). In this paper static magnetic field effects on the surface tension of the above-mentioned surfactants are presented. The concentrations of the solutions used were both below and above their Critical Micelle Concentration (CMC). The solutions were under the MF action for 60 min in a closed vessel and were stirred by hand every 15 min. Previously it was found that the surface tension of pure water (distilled in a quartz apparatus) decreased by 2.1 mN/m after similar the MF treatment. Moreover, the memory effect lasted longer than 60 min. In case of the surfactant solutions the surface tension changed depending both on the kind of surfactant and its concentration. Bigger changes were observed for cationic DoTAB. In the solutions below their CMC the surface tension was lower after MF treatment. However, the surface tension of DoTAB solution at CMC increased several mN/m after the MF treatment. In the solutions concentrated above the CMC, respectively, the MF effects were practically vanishing. The observed changes are discussed in detail considering the structure of the surfactant adsorbed layers and acceleration force acting on the ions which was calculated from the Lorentz equation. To our knowledge, such results are published in the literature for the first time and they should be considered as preliminary ones. More systematic experiments are needed to better understand the observed changes.
Introduction
Magnetic Field (MF) effects observed during and after its action on water and aqueous solutions are still interesting but debatable issues despite they have been studied for over 50 years. Often the changes due to MF action were considered as those resulting in the hydrogen bonding changes both in the water intra-clusters and inter-clusters [1] [2] [3] [4] but the most remarkable progress was achieved in 2012 by Coey [5] who to explain the magnetic field action applied the non-classical theory of nucleation mechanism to the formation of Dynamically Ordered Liquid Like Oxyanion Polymers (DOLLOP) [6, 7] . Moreover, it was also shown that to obtain any MF effect the gradient of the field is more important than the field strength itself [8, 9] . A review of latest approaches to the MF understanding was published lately [10] . Many papers have been published in which the MF effects observed in pure water at different conditions are reported. Often the changes in evaporation rate and surface tension were investigated [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Surprisingly, despite the fact that a huge number of papers on the MF effects have been published, we could not find any paper reporting results about the MF effects on surfactant solutions. On the other hand, many different surfactants are present in the environment, e.g. in surface and waste waters, soil, many industrial waters, sewage treatment plants, laundry, etc. [21, 22] . Therefore, it seemed interesting to learn whether any MF effects will appear after a surfactant solution treatment with the magnetic field.
In the previous paper evaporation rate of water from 10 -3 M anionic surfactant Sodium Dodecyl Sulphate (SDS) and cationic Dodecyl Trimethylammonium Bromide (DoTAB) surfactants solutions were studied [23] . The evaporation rate of water from both surfactants solution increased in the MF presence, similarly like it was found for pure water [20] . However, in the absence of MF water evaporated slower from SDS solution than from pure water while from DoTAB on the contrary. These differences were explained taking into account drastic differences in the ionic groups" properties and size. The SDS head group -SO3 -Na + can form three strong hydrogen bonds with water molecules while the DoTAB head group -N + (CH3)3Br -only one weak hydrogen bond can appear, if ever. Moreover, this group shows hydrophobic properties due to the presence of three methyl -CH3 groups and it is more than 3 times larger than the sulfate. All these differences are the reasons of different respond of the two surfactant solutions to the MF action.
Having known MF effects on the evaporation rate of anionic and cationic surfactant solutions it became interesting to study the MF Citation: Chibowski E, Szcześ A and Hołysz L. Magnetic field effects on aqueous anionic and cationic surfactant solutions part II: surface tension (2019) Edelweiss Chem Sci J 2: 1-6 effect on the solutions surface tension, which is most characteristic parameter for such solutions. Moreover, lowering of water surface tension is of principal importance of practical applications of surfactants. However, so far MF effects on the surface tension of a surfactant have not been investigated despite the fact that the results would have practical applications.
Experimental
Static magnetic field (max. 0.65T) originating from three connected ring Nd magnets (MP 86 x 58 x 35 mm each) was applied. The sample of anionic Sodium Dodecyl Sulfate (SDS) or cationic Dodecyl Trimethylamonium Bromide (DoTAB) solutions was placed in the magnet for 60 min in a closed plastic vessel. All the experiments were carried out at room temperature and humidity. Every 15 min the vessel was stirred manually for a while. The investigated concentrations of the surfactants solution were below or above their CMC, respectively. The solutions were prepared using Milli-Q water. Figure 1 shows the magnets and the MF strengths, and the vessel with the samples inside the magnet. The changes in the MF field strength at the edge of the ring and at its center with the distance from the magnet were published in the previous paper [20, 23] . First some preliminary tests have been carried out to learn how the MF treatment time of the solutions affects the surface tension. For this purpose the 10 -3 M SDS and DoTAB solutions were MF treated for 15 min and 30 min and 60 min. After each 15 min of the MF treatment the sample was stirred by hand for a while. The surface tension was measured using the automatic KSV Sigma 700 ring tensiometer. Simultaneously surface tension of given MF-untreated surfactant solution was measured. At least five to ten measurements of each sample were taken automatically and the mean value and standard deviation were recorded. 
Results and Discussion
The results presented in Figure 2 show how the time-span of the MF treatment influences the surface tension of the solutions. In the case of SDS solution an increasing effect is observed with increasing treatment time but in the case of DoTAB such dependence is not straight. However, it needs further systematic investigations which will be the subject of a paper to follow. For present studies the 60 min MF treatment time have been selected.
The mean results of the subsequent measurements of surface tension of MF treated and untreated SDS solution samples are presented in The same values of surface tension of the untreated DoTAB solutions were reported by Acosta et al. [24] . To better depict the MF effects on the surface tension of these two surfactants solutions in Figure 5 are shown the surface tension changes for all investigated concentrations. As it can be seen if the concentration is lower than the respective CMC, the surface tension of both surfactants is lowered by the MF action and a greater surface tension decrease is observed for cationic DoTAB than anionic SDS solutions. However, an increase in the surface tension ( The above results were elaborated statistically using the two-tailed tStudent test at 5% significance level. The results are collected in Table  1 where it can be seen that all the differences between MF treated and untreated solutions of the surfactants are statistically significant (p<<α). The mean values of the surface tension for each concentration were calculated from 5-8 individual experiments in which 10-15 times the surface tension was measured using the ring method. First of all the size of the groups is different, which is 0.17 nm 2 for the SDS and 0.54 nm 2 for the hard-core area of DoTAB. These values were established from the bond lengths, bond angles, and atomic volumes via a molecular model of the headgroup [25] . Also the distance from the hydrophobic core surface to the centre of counterion location is 0.545 nm and 0.345 nm, respectively [25] . Thus, the Na + counterions are located at a larger distance from the C12-O-SO3 -headgroup than Br-from the C12-N + (CH3)3. Moreover, the SDS molecule"s oxygen atoms can form hydrogen bonds with water molecules, which are not the case for DoTAB whose head is more hydrophobic because of presence of three methyl -CH3 groups and only a weak N … H hydrogen bond can be formed [26] . Because -N + (CH3)3 group is over 3 times larger than the sulfate, therefore it can be expected that less DoTAB groups (molecules) than those of SDS occupy the same surface area of the solution. Moreover, the Br -counterions are located closer to the heads [25] , hence at the solution surface the interactions between water molecule and head group of DoTAB is much weaker than in the case of SDS.
Citation
Generally, the decrease in surface tension can be interpreted as due to an increase in the surface concentration of surfactant. This conclusion results from the Gibbs" adsorption equation relating the surface excess amount of a surfactant with its bulk concentration and surface tension.
( )
Where:
2
(1) -is the surface excess concentration of component 2 (surfactant) relative to its concentration in the bulk solution at zero excess concentration of main component 1(water). a2 -is the surfactant activity in the bulk solution (concentration in the case of diluted solutions).
 -is the surface tension of solution. Ais the surface area (should be constant).
From Equation 1 results that if a surfactant surface tension decreases with increasing its bulk concentration then the surface excess amount increases, but only below the CMC when in the surface adsorption layer maximum adsorption and packing of the molecules is not achieved yet. Assuming this interpretation, it would mean that the MF effect relies on the increasing excess of SDS or DoTAB molecules in the surface layer. Abandoning at this moment possible mechanism of the MF force action, the increase in surface excess concentration can be easily understood if the solution concentration is lower than CMC of SDS or DoTAB, respectively (Figures 3-5) . Actually, also the small decrease in surface tension of the solution whose concentration is greater than CMC can be considered as due to some small changes in the density and structure of the adsorbed surface layer. Thus, in the case of 0.01 M SDS, this concentration is only slightly larger than the CMC by 0.0018 M (0.01 M-0.0082 M). Therefore there can be still some room in the surface layer for a closer SDS molecules packing caused by MF force and hence the observed small decrease in the surface tension. In the case of DoTAB after 60 min MF treatment the surface tension of 0.05 M decreases by 0.85 mN/m only. However, this small difference appeared to be statistical significant (Table 1) . On the other hand the surface activity of surfactants can be described by Sprow and Prausnitz equation [27] .
Where: γLV -is the surface tension of aqueous solution of surfactant. γS -is the surface tension (surface free energy) of surfactant. ωS -is the molar area of surfactant at the water-air interface. aS S and aS B -are the activity of surfactant in the surface layer and bulk phase, respectively. Where:
LV -is the surface tension of solution. w -is the surface tension of water. R -is the gas constant. T -is the absolute temperature. ωw -is the molar area of water at the water-air interface. aw S and aw B -are the activity of water in the surface layer and bulk phase, respectively.
In Equations 2 and 3 activity a of the components are defined in the symmetrical system, i.e. aw, as 1 if xw, xs 1, respectively. Zdziennicka et al.
[28] using Eq.3 and assuming that in diluted surfactant solutions its activity in the bulk phase is small and hence that of water is close to unity calculated activity of water in the surface layer from Eq.4 which results from Eq.3 if it is assumed that aw B 1.
Where meaning of the symbols are the same as that in Equations 2 and 3.
In the calculations they [28] used for water w = 72.8 mN/m at 293K and the molar surface area for water equal to 0.6023‧10 5 m 2 /mol. Then, because + = 1 and the adsorbed film pressure π is expressed as [29] : (5) Where: π -is the film pressure. πmax= w -s -is the maximum surface pressure of the film, s -is the surface tension of pure surfactant,
The authors [29] calculated the surface activity for 11 studied surfactants.
The πmax value occurs if , i.e. at fully covered surface by the surfactant molecules while the water molecules are squeezed beneath the film.
And hence: (6) In the concentration range C below CMC of given surfactant (i.e. the range where the surface tension of the solution LV vs. C decreases linearly) the calculated from Equation 6 s values appeared to be constant (31.8 ± 0.3 mN/m) for the all 11 studied surfactants, among others SDS, CTAB and dodecyl dimethylethyl ammonium bromide [28] . Hence they concluded that the maximum reduction of water surface tension equals to 72.8-31.8 = 41.0 mN/m. The value of s= 31.8 mN/m lies between the surface free energy of polyethylene crystallized in air (36 mJ/m 2 ) [30] and the surface tension of liquid hexadecane (27.5 mN/m). Generally, the surface free energy of solid hydrocarbons is much higher if the hydrocarbon chains are parallel than normal to surface. This is because of a lower surface concentration of -CH3 than -CH2-groups, i.e. 0.19-0.25 nm 2 and 0.05-0.057 nm 2 , respectively [30] . However, -CH3 interaction is 82% higher than -CH2-[31]. In the above calculation the authors [28] assumed the cross-sectional area for water molecule equal to 0.1 nm 2 . Such value was determined for adsorbed water molecules [31] . The van der Waals diameter (an imaginary hard sphere representing the distance of closest approach) of water molecule is much smaller 0.282-0.32 nm and therefore its cross-sectional area is 0.62-0.80 nm 2 [32] . It means that the surface area per water molecule in the surface layer can be squeezed. given solution can be interpreted as free energy of the surface layer built up solely of the surfactant molecules. The layer structure and the molecules orientation determine its free energy and changes similarly as that of the n-alkanes series from n-pentane to n-hexadecane whose surface tension changes from 15.8 mN/m to 27.5 mN/m, respectively.
As discussed above, bigger decrease in the surface tension of cationic than anionic surfactant solutions caused by MF is probably due to the presence of three -CH3 groups present in the DoTAB head group. The interaction potential of this group is greater than -CH2-although the surface density of the groups is lowers [30] . Hence the decrease in surface tension of MF treated solutions may result from some reorientation of the adsorbed surfactant molecules and changes in the surface layer structure. The different properties of -N + (CH3)3 and -O-SO3
-groups reflected also in water rate evaporation from these surfactant solutions. The former caused easier evaporation of water while the later hindered it [23] . Additionally, the increased water evaporation from MF treated DoTAB solution might be also due to weakening of Van der Waals interactions and hydrogen bonds of the intra-clusters [2, 33] . On the other hand, formation of hydrogen bonds of water molecules with the oxygen atoms from -OSO3 -groups hinders water evaporation [23] . Van Oss and Constanzo [34] reported for SDS immersed in water 23.8 mN/m for the surface tension of tails and 46 mN/m for the electron-donor parameter  of -SO4 head, which is responsible for the hydrogen bonds formation. From the surface tension values of SDS solutions (Figure 3 and Figure 4 ) results that the  principally determines the surface tension. As for the increase in surface tension of MF treated 10 -2 M DoTAB solution ( Figure 3 and Figure 4 ), which is very close to the CMC but a little below, it can be interpreted as the restructuring of the almost fully packed surface layer. From the Gibbs adsorption equation (Equation 1 ) it can be concluded that MF enhances formation of micelles in the bulk solution and hence reduces the "effective" DoTAB bulk activity which appears in a small increase of the solution surface tension. However, the observed decrease in the DoTAB surface tension of the solutions in the rest cases leads to the conclusion that MF increases amount of the adsorbed surfactant molecules in the surface layer and/or causes the layer restructuration (the molecules reorientation) if below CMC and practically has no effect on the solutions at a higher concentration than CMC.
Trying to understand the observed magnetic field effects on the surface tension changes of ionic surfactant solutions the Lorentz force action can be considered.
(7)
F -is the Lorentz force q -is the charge E -is the electric field density ν -is the charge velocity B -is the magnetic field
The first term represents the electric force acting on a moving charge v and the second term expresses the magnetic force whose direction is Citation: Chibowski E, Szcześ A and Hołysz L. Magnetic field effects on aqueous anionic and cationic surfactant solutions part II: surface tension (2019) Edelweiss Chem Sci J 2: 1-6 perpendicular to both the velocity of the charge and the magnetic field. The magnetic force action depends on the charge q and the magnitude of so called cross product of v × B, i.e. the velocity and flux density vectors where the relative directions of these two vectors are taken into account. Depending on the angle ϕ between v and B, the magnitude of the force equals qvB sin ϕ. If the angle ϕ = 90 o , i.e. v is perpendicular to B, the particle trajectory is circular with a radius of r = mv/qB. If the angle ϕ is less than 90°, the particle will move along a helix having the axis parallel to the field lines. Finally, if ϕ = 0 o there will be no magnetic force acting on the particle and it will continue moving along the field lines. In an electrolyte solution the electric field density E is zero and only magnetic force of Equation 7 acts. Among others Silva et al. [35] considered the Lorentz force to be responsible for the observed MF effects which influenced the ion polarization, especially bivalent cations which are hydrated more strongly than the anions. The ions remained orientated up to two days (the memory effect) at the gas nanobubbles dispersed in the solution. In consequence the precipitating particles of calcium carbonate were smaller than those from the untreated solutions. Also some changes in their crystalline structure were observed [35] . Taking magnitude of the parameters as: v  0.992 m/s (evaluated experimentally), q = 3.2 ‧10 -19 C (divalent cation), E = 0 (electrolyte solution) and B = 1T, the Lorentz force amounted to 3.17‧10 -19 N. Because the ion mass is 10 -25 -10 -26 kg, therefore the acceleration (F/m) can be as large as 10 6 -10 7 m/s 2 , and it would cause the ion polarization. Moreover, this was confirmed by experiments conducted under the quiescent conditions where no changes in the liquid viscosity or particles settling rates were observed [35] .
In our experiments the MF in the ring magnet changes radially from the top inner edge to its center from 0.347 T to 0.053 T which occurs on the distance of 19 mm (Figure 1 The force at the magnet center is ca. 6.5 times lower than that at the edge. Although calculated here acceleration force values are much lower than those calculated by Silva et al [35] in the 1T magnetic field, it seems that they are still can influence the surfactant surface monolayer formation and structure, which appears in the observed changes of the solutions surface tension.
Moreover, the observed MF effects can be also considered as a result of the local increase in the thermodynamic potential. Such approach was described in detail in the papers published by Cefalas et al. [8, 9] who explained why even in a weak external magnetic field (0.05 T) aragonite precipitates instead of calcite, nevertheless that the later has lower ground electronic state by 28 eV. They explained this phenomenon on the basis of a macroscopic antisymmetric coherent state. Such state can be induced by an external MF acting on an ensemble of water two level molecular rotors (the water coherent state). In the case of a conductive liquid, even in absence of a static MF, during the flow there are present electromagnetic fluctuations and spontaneous magnetic field. Quantum mechanics predicts that external magnetic field can amplify magnetic fluctuations in the bulk liquid by exchanging the energy through an angular momentum of water molecular rotors, as well as by such momentum of the macroscopic turbulent flow. Thus, the energy transfer occurs via the angular momenta of water molecules, the flow and the magnetic field. From the theoretical calculation results that the received energy increases if the MF is in resonance with the rotational frequencies of molecular rotors and low frequencies of the turbulent flow [8] . Moreover, according to these authors [8, 9] such amplified state will last for a longer time because of "the forbidden nature of transition between the antisymmetric and the symmetric state" [9] . This explains precipitation of CaCO3 as aragonite and also so called memory effect in water which was many times reported in the papers. Later Coey [5] proposed a theory explaining the MF effects which considered the field gradient as more important than the MF strength itself. It is based on a nonclassical nucleation mechanism which takes into account the presence of stable pre-nucleation clusters in calcium carbonate solutions. Next this theory has been successfully verified by Sammer et al. [7] .
Relating these approaches to the observed changes in the surface tension of the surfactant solutions it can be easier understood the surface tension changes as due to the MF energy gained by the surfactant ions, the state of which lasts sufficiently long to measure the changes after several minutes the MF had ceased. It should be also mentioned that in the previously published paper [20] we had observed decrease in the surface tension of pure water by 2.1 mN/m after 60 min of the same MF treatment. Moreover, after 60 min since the field removal the surface tension was still by 1 mN/m smaller than that of the untreated sample.
Conclusions
Static Magnetic Field (MF) affects surface tension of anionic and cationic surfactant solutions. A bigger effect has been found for cationic than anionic surfactant solutions. The MF effects are very small in the solutions whose concentration is higher than CMC of the given surfactant. The MF effects can result both from the Lorentz force and the local increase in the thermodynamic potential. It can be induced by an external MF acting on an ensemble of water two level molecular rotors and can be explained on the basis of a macroscopic antisymmetric coherent state. The local increase in the MF gradient can cause the effects too.
The presented results are somewhat preliminary and the above calculations and hypotheses have to be verified by systematic studies. So far no MF effects dealing with the surfactant solutions were published and there is no data for any comparison. Therefore more experiments are needed to better understand the observed changes and the above presented results should be treated as preliminary ones.
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